C holesterol is a fundamental structural component of mammalian cell membranes and is essential for cellular proliferation. 1, 2 Statins inhibit the production of endogenous cholesterol 3 and block protein prenylation, and statin use may therefore influence cell proliferation and migration. 4, 5 Cancer-cell proliferation is seen clinically as cancer growth and metastasis, and it ultimately results in the death of the patient. A reduction in the availability of cholesterol could lead to decreased proliferation and migration of cancer cells. 6, 7 Also, a reduction in the downstream products in the mevalonate pathway due to statin use has been associated with several potential anticancer properties [8] [9] [10] [11] [12] and a reduced risk of cancer recurrence. 13, 14 At the cellular level, statins have been linked to the halting of cell-cycle progression and to increased radiosensitization in cancer cells. 10, 15, 16 Thus, regular statin use before and after a diagnosis of cancer could theoretically reduce cancer-related mortality. In large-scale trials of statins to reduce the risk of cardiovascular disease among persons without cancer, statin use did not influence the incidence of cancer or related mortality. 17, 18 We hypothesized that statin use begun before a cancer diagnosis would be associated with reduced cancer-related mortality. To test this hypothesis, we analyzed data on patients with cancer in the entire Danish population for the period from 1995 through 2009, comparing mortality among patients who had used statins before the diagnosis with mortality among those who had never used statins.
ME THODS

STUDY POPULATION AND DATA COLLECTION
The Danish Civil Registration System records all births, immigrations, emigrations, and deaths in Denmark by means of civil registration numbers, which uniquely identify all inhabitants of Denmark and include information regarding age and sex. The Danish Civil Registration System is 100% complete, so for practical purposes, no persons are lost to follow-up. 19 Persons with cancer diagnosed between January 1, 1995, and December 31, 2007 , were identified with the use of the Danish Cancer Registry, which tracks data on 98% of all incident cancers in Denmark 20, 21 and is blinded to the recording of statin use. By including only patients who received a diagnosis of cancer through 2007, we allowed at least 2 years of follow-up for all patients. All diagnoses in the registry are assigned on the basis of histologic examination by a fully trained pathologist. Cancer diagnoses were classified according to the International Classification of Diseases, 10th Revision (ICD-10) codes C00.0-C43.0, C45.0-C96.0, D00.0-D03.0, and D05.0-D09.0. 22, 23 The tumor-node-metastasis (TNM) staging system 24 was adopted by the Danish Cancer Registry on January 1, 2004, so information regarding the size of the primary tumor, spread to the lymphatic system, and distant metastasis at the time of diagnosis was available during the period from 2004 through 2007. Tumor size was classified as small (T0, T1, or T2) or large (T3 or T4), cancer spread to the lymphatic system as none (N0) or any (N1, N2, or N3), and distant metastasis as none (M0) or any (M1).
From 1995 through 2003, the Danish Cancer Registry recorded treatment information dichotomously (none vs. any) for both radiotherapy and chemotherapy started within 4 months after a cancer diagnosis. However, no details were available regarding the specific type of treatment administered.
STATIN USE
The Danish Registry of Medicinal Products Statistics has recorded information on all prescribed drugs dispensed at Danish pharmacies since 1995 and is blinded to the recording of cancer diagnoses. Statins were classified as Anatomical Therapeutic Chemical code C10AA; the codes for other cholesterol-lowering medications were C10AB, C10AC, C10AD, C10AX, and C10BA (Table S1 in the Supplementary Appendix, available with the full text of this article at NEJM.org). For each filled prescription for each study participant, we recorded the drug name, the date of dispensing, and the total amount of the recommended defined daily dose (i.e., the assumed average maintenance dose per day). Table S1 in the Supplementary Appendix lists the distributions of the different types of statin medication and other cholesterol-lowering medications prescribed.
The daily dose for statin users was estimated as dose 2 divided by | t 1 − t 2 |, where dose 2 is the penultimate prescription of a statin before the cancer diagnosis, measured in total defined daily doses (i.e., the total milligrams dispensed, divided by the defined daily dose for the specific statin) (Table S1 in the Supplementary Appendix). The value of | t 1 − t 2 | is the interval between the dates of the last statin prescription (t 1 ) and the penultimate statin prescription (t 2 ) before the cancer diagnosis (Fig. S4 in the Supplementary Appendix). Statin doses were analyzed in the following categories of defined daily dose per day: 0.00 (reference), 0.01 to 0.75, 0.76 to 1.50, and more than 1.50.
To exclude reverse causation, statin use was only measured before the date of cancer diagnosis and was used to indicate statin use before and after the cancer diagnosis. We also considered whether patients had ever used statins, in an analysis in which all patients with cancer who had ever received a statin before the cancer diagnosis were compared with those who had never used statins.
Patients who had statin prescriptions filled within 6 months before the date of the cancer diagnosis and within 2 years before the date of diagnosis were classified as regular statin users (see Fig. S1 and S4 in the Supplementary Appendix). Figure S2 in the Supplementary Appendix shows that the pattern of filled prescriptions for statins was roughly symmetric before and after the cancer diagnosis. All patients who had used statins before the cancer diagnosis but whose use was outside the specified time frames were classified as irregular statin users.
Because the use of statins has been increasing and the information on TNM classification and treatment for each patient with cancer changed during the observation period, we also conducted a nested 1:3 matched study (i.e., a study that matched each statin user with three patients who had never used statins), with matching for sex, age at cancer diagnosis, year of diagnosis, and cancer type (Fig. S3 , S11, and S14 in the Supplementary Appendix). 23 To address unknown patterns and other potential biases between statin users and patients who had never used statins, a propensity-score analysis and adjustment for the area code where the provider was located were performed (see the Supplementary Appendix).
CARDIOVASCULAR DISEASE AND DIABETES MELLITUS
Diagnoses of cardiovascular disease and diabetes mellitus before the cancer diagnosis were identified with the use of the National Registry of Patients, 20 which records all hospital admissions in Denmark. Diagnoses for cardiovascular disease and diabetes mellitus were classified according to the ICD-10 codes I00-I99 and E10-E14, respectively.
CAUSES OF DEATH
The Danish Civil Registration System records the date of death for all persons in Denmark. For all deaths in Denmark, the Danish Register of Causes of Death 25 records up to three ranked causes of death, as reported by the attending physician in general practice or at a hospital or by a physician in a forensic or pathology department. Diagnoses listed as causes of death are classified with the use of the ICD-10. For this study, the cause of death was defined as the first of the three ranked T h e n e w e ng l a n d j o u r na l o f m e dic i n e n engl j med 367;19 nejm.org november 8, 2012
1796 causes of death, as assessed by any of the physicians listed above to be the primary cause of death. In sensitivity analyses, other categorizations of cause-specific death were also examined.
OTHER COVARIATES
Since 1980, Statistics Denmark has gathered information concerning all persons living in Denmark.
For this study, we obtained data on race and ethnic descent, highest level of education, and size of residential area.
STATISTICAL ANALYSIS
We excluded from the analyses patients with cancer who were less than 40 years of age, because such patients are unlikely to receive statins. The missing-indicator method was used to account for missing information. 26 Cumulative incidence curves were estimated by means of the method of Fine and Gray 27 and were compared with the use of log-rank tests. Cox regression models with the time (in years) after a cancer diagnosis as the time scale were used to calculate hazard ratios with 95% confidence intervals. Multivariable Cox models were adjusted for age at diagnosis; cancer stage (tumor size, presence or absence of spread to the lymphatic system, and presence or absence of distant metastasis); status with regard to chemotherapy, radiotherapy, diagnosis of cardiovascular disease before cancer, and diagnosis of diabetes mellitus before cancer; year of birth; sex; race and ethnic descent (97% of the patients were white persons of Danish descent); highest level of education; and size of residential area.
All 295,925 patients were followed from the date of cancer diagnosis; data were censored at the date of death (195,594 patients) or emigration (635) or on December 31, 2009 (99,696), whichever came first. Thus, the competing risk of death was accounted for in the analysis by means of censoring at the date of death (information that is 100% complete in the Danish registries). The effect of competing events was also modeled by calculating subhazard ratios, as a measure of relative risk taking death into consideration, with the use of the method of Fine and Gray. 27 For Cox proportional-hazards regression analyses, we detected no major violations of the proportionalhazards assumption graphically after plotting the log of the cumulative hazard for different statindose categories as a function of the log of the length of follow-up after the cancer diagnosis.
Subgroups were prespecified and encompassed 27 cancer types (Fig. S14 in the Supplementary Appendix) and nine characteristics of the patients. We performed all calculations with the use of Stata software, version 12.0MP (StataCorp).
R E SULT S
STUDY PATIENTS
We included patients from the entire Danish population who had received a diagnosis of cancer between 1995 and 2007 and followed them until December 31, 2009 
STATIN USE AND MORTALITY
The cumulative incidence of death from any cause as a function of follow-up time from the date of the cancer diagnosis was lower among statin users than among patients who had never used statins (P<0.001 by the log-rank test) (Fig. 1A) . The two cumulative incidence curves converge after 5 years of follow-up, probably because of the increased cardiovascular mortality among statin users, as compared with patients who had never used statins (Fig. S5 in the Supplementary Appendix). The multivariable-adjusted hazard ratio for death from any cause among statin users, as compared with patients who had never used statins, was 0.85 (95% confidence interval [CI], 0.83 to 0.87). The results of the nested 1:3 matched study were similar (Fig. 1B) .
The cumulative incidence of death from cancer as a function of follow-up time from the date of the cancer diagnosis was also lower among statin users than among patients who had never used statins (P<0.001 by the log-rank test) (Fig.  1A) . The multivariable-adjusted hazard ratio for death from cancer among statin users, as compared with patients who had never used statins, was 0.85 (95% CI, 0.82 to 0.87), with similar results in the nested 1:3 matched study (Fig. 1B) .
STATIN DOSE AND MORTALITY
The multivariable-adjusted hazard ratios for death from any cause according to the defined daily statin dose, as compared with no statin use, were 0.82 (95% CI, 0.81 to 0.85) for a dose of 0.01 to 0.75 defined daily dose, 0.87 (95% CI, 0.83 to 0.89) for 0.76 to 1.50 defined daily dose, and 0.87 (95% CI, 0.81 to 0.91) for higher than 1.50 defined daily dose ( Fig. 2A) 
SENSITIVITY ANALYSES
The results for cancer-related mortality remained similar when we accounted for the competing risk of death from other causes with the use of patients who had ever used statins had similar results. In addition, the results were similar when we classified death according to all ranked causes of death from the Danish Register of Causes of Death, limited cancer-related mortality to the same cancer as the incident cancer, excluded adjustment for covariates with missing information for more than 0.1% of all patients, and adjusted for the provider's area code (Fig. S7 through S13 in the Supplementary Appendix).
The reduced cancer-related mortality among statin users as compared with patients who had never used statins was observed for 13 cancer types: the multivariable-adjusted hazard ratios for death from cancer among statin users ranged from 0.64 (95% CI, 0.46 to 0.88) for cervical cancer to 0.89 (95% CI, 0.81 to 0.98) for pancreatic cancer (Fig. S14 in the Supplementary Appendix) . For the 14 remaining cancer types, the multivariable-adjusted hazard ratios were largely similar but with confidence intervals that overlapped 1.0. Results from the nested 1:3 matched study were also largely similar (Fig. S14 , right panel, in the Supplementary Appendix).
In analyses stratified according to characteristics associated with an increased risk of death from any cause or from cancer (i.e., sex, age, treatment with chemotherapy, treatment with radiotherapy, larger tumor size, presence of metastasis at diagnosis, diagnosis of cardiovascular disease before cancer, and diagnosis of diabetes mellitus before cancer), cancer-related mortality was reduced among statin users, as compared with patients who had never used statins, in all strata except among patients with cancer who were receiving chemotherapy (Fig. 3) . A history of diabetes or cardiovascular disease before or after the cancer diagnosis did not influence the results substantially (Fig. S15 and S16 and Table  S2 in the Supplementary Appendix).
Attempting to adjust for differences in the medical history of patients with cancer in order to avoid a "healthy-user bias," we repeated the nested 1:3 matched study with propensity-score matching (Fig. S17 in the Supplementary Appendix). The results were similar to those shown in Figure 2 , except that statin use was no longer associated with increased cardiovascular mortality.
DISCUSSION
In this nationwide study, we observed that statin use in patients with cancer was associated with reduced cancer-related mortality. Our findings are plausible because statins inhibit cholesterol synthesis within cells through the inhibition of 3-hydroxy-3-methylglutaryl coenzyme A (HMGCoA) reductase, the rate-limiting enzyme in the mevalonate and cholesterol-synthesis pathway. 28 Many of these downstream products are used in cell proliferation because they are required for critical cellular functions such as maintenance of membrane integrity, signaling, protein synthesis, and cell-cycle progression. 15, 28 Disruptions of these processes in malignant cells result in the inhibition of cancer growth and metastasis. 15, [29] [30] [31] In particular, the mevalonate pathway is up-regulated by mutated p53 (tumor suppressor protein), 32 which is common in cancer. 33 Accordingly, inhibition of this pathway with statins reverts the malignancy phenotype of p53-mutated cancer cells. 32 The decrease in downstream products of the mevalonate pathway has been linked to apoptosis and to reduced matrix-metalloproteinase production and angiogenesis, as well as a reduction in the invasiveness of in situ cancers. [8] [9] [10] [11] [12] Statins have been linked to the halting of cell-cycle progression in cancer cells with resulting antiproliferative effects, to the Hazard ratios were calculated from multivariable analyses adjusted for age at diagnosis; cancer stage (size, presence or absence of spread to the lymphatic system, and presence or absence of distant metastasis); status with regard to previous chemotherapy, previous radiotherapy, diagnosis of cardiovascular disease before cancer, and diagnosis of diabetes mellitus before cancer; year of birth; sex; race and ethnic descent; highest level of education; and size of residential area. For the nested 1:3 matched study, matching was performed on the characteristics of sex, age at diagnosis, year of diagnosis, and cancer type; hazard ratios were adjusted as in the nationwide study except for the matching variables. The daily dose for statin users was estimated as dose 2 divided by |t 1 − t 2 |, where dose 2 is the penultimate prescription of a statin before the cancer diagnosis, measured in total defined daily doses (i.e., the total milligrams dispensed, divided by the defined daily dose for the specific statin) (Table S1 in the Supplementary Appendix). The value of |t 1 − t 2 | is the interval between the dates of the last statin prescription (t 1 ) and the penultimate statin prescription (t 2 ) before the diagnosis ( inhibition of key cellular functions in cancer cells, and to increased radiosensiti zation. 10, 15, 16 Because statins are selectively localized to the liver, less than 5% of a given dose reaches the circulatory system. 6, 34 For cancer types other than liver and biliary cancer, 35 a plausible mechanism behind the observed reduced risk of death from cancer could be the reduction in plasma levels of cholesterol. Indeed, rapidly growing cancers require a high uptake of extracellular cholesterol, and patients with cancer have reduced plasma levels of cholesterol. 36, 37 Therefore, a statin-induced reduction in locally synthesized or circulating cholesterol levels could inhibit cancer growth and metastasis and reduce mortality.
Our findings are also supported by the observation of reduced cancer-related mortality among patients with advanced prostate cancer who take statins 38 and a correspondingly reduced recurrence among patients with prostate 39 or breast 13,14 cancer. However, statin use in persons without cancer, with the aim of reducing the risk of cardiovascular disease, does not influence cancer incidence or cancer-related mortality. 17, 18 Nevertheless, our observation that all-cause mortality among patients with cancer who were taking statins was reduced by 15% (95% CI, 13 to 17) is similar to the observed reduction in all-cause mortality of 10% (95% CI, 7 to 13) among patients at risk for death from cardiovascular causes. 40 The absence of a dose-response relationship for statins and cancer-related mortality suggests that any statin dose will suffice in reducing mortality among patients with cancer.
Theoretically possible limitations of this study include selection bias; however, this is not an issue because we followed all patients with cancer in the entire Danish population who were 40 years of age or older and eligible for statin use, without losses to follow-up. A related potential limitation concerns the availability and completeness of the diagnostic information; however, the Danish Cancer Registry captures data on 98% of all cancer diagnoses in Denmark, the Danish National Prescription Registry records 100% of all dispensed prescriptions of statins, and the Danish Civil Registration System and the Danish Register of Causes of Death capture data on 100% of all deaths. Data on characteristics of the cancers (size and presence or absence of metastasis at the time of diagnosis) were missing for many patients who had never used statins; however, this limitation does not appear to have distorted our findings, since the results of the nationwide study were similar to those of the nested 1:3 matched study, in which missing information was balanced between statin users and patients who had never used statins.
Another limitation is the possibility that statin use was a marker of increased health awareness, theoretically biasing our results. As we expected, statin users were more likely to be men and to have cardiovascular disease or diabetes, so the data could be prone to a healthy user bias, which could indicate the presence of bias by indication (i.e., patients in this study may have had more than one reason to be given the drug by the doctor). However, both the nested 1:3 matched study, which had equal numbers of men and women and excluded patients with cardiovascular disease or diabetes, and the propensity-score analysis, which matched for the probability that the patient received statins on the basis of patterns in the medical history, had results that were similar to those of the nationwide study. The similarity of the results among these three analyses argues against an influence of male sex, cardiovascular disease or diabetes mellitus, or increased health awareness among statin users. Data from patients with any history of statin use are shown (bottom of the figure) for comparison with data from patients with regular statin use (top). Hazard ratios were calculated from multivariable analyses adjusted for age at diagnosis; cancer stage (size, presence or absence of spread to the lymphatic system, and presence or absence of distant metastasis); status with regard to treatment with chemotherapy, treatment with radiotherapy, cardiovascular disease before cancer, and diabetes mellitus before cancer; year of birth; sex; race and ethnic descent; highest level of education; and size of residential area, except for the stratification variable. For the nested 1:3 matched study, matching was performed on the characteristics of sex, age at diagnosis, year of diagnosis, and cancer type; hazard ratios were adjusted as in the nationwide study except for the matching variables. Analyses stratified according to treatment with radiotherapy or chemotherapy were limited to the patients with cancer diagnosed during the period from Finally, because 97% of the patients were white persons of Danish descent, our results may not necessarily apply to other ethnic groups.
In conclusion, among patients with cancer, we observed an association between statin use at the time of diagnosis and a reduced risk of cancerrelated mortality, with a reduction of up to 15%.
Prospective evaluation of the hypothesis that statin use prolongs the survival of patients with cancer is needed.
